The kidney both produces and responds to endothelin. We examined the production and the expression of mRNA of endothelin-1 (ET-1) in tubule suspensions and microdissected nephron segments. ET-1 production was measured by RIA using an ET-1-specific antibody. We applied the reverse transcription and polymerase chain reaction (PCR) technique to detect ET-1 mRNA along the nephron segments. Stimulation of ET-1 production was observed in the presence of FCS and transforming growth factor-beta (TGF-beta) in inner medullary tubules but not in cortical or outer medullary tubule suspensions. Among dissected nephron segments, ET-1 production was observed in glomeruli and inner medullary collecting ducts (IMCD), whereas it was negligible in proximal convoluted tubules (PCT) and medullary thick ascending limbs (MAL). In addition, the PCR product of ET-1 mRNA was also higher in glomeruli and IMCD, whereas it was undetectable in PCT and MAL. Furthermore, FCS and TGF-beta increased ET-1 mRNA in microdissected glomeruli and IMCD. These data clearly demonstrated that the production sites of ET-1 are glomeruli and IMCD among the nephron segments. ET-1 is an autocrine factor in these sites.
Introduction
Endothelin (ET)' is a 2 1-amino acid vasoconstrictor peptide produced by vascular endothelial cells (1) (2) (3) . ET has three isotypes: ET-1, ET-2, and ET-3 (4). ET-1 receptors are widely distributed in the body, including the brain, spinal cord, spleen, skeletal muscle, and kidneys (5) (6) (7) (8) . Intravenous administration of ET-1 increased total peripheral resistance, arterial pressure, and left atrial pressure, and decreased heart rate and car-diac output (9, 10) . In the kidney, ET-1 decreased renal blood flow by increasing both afferent and efferent arteriolar resistance, and it decreased GFR by decreasing the glomerular capillary ultracoefficient (9) (10) (11) (12) (13) (14) . It has recently been revealed that ET-1 also causes diuresis and natriuresis despite a decrease in GFR (9, 12) , suggesting a direct tubular site of action. Autoradiographic studies showed binding sites to ET-1 not only in glomeruli and the vascular system but also in the inner medulla, possibly in inner medullary collecting ducts (IMCD) ( 15, 16) . This binding pattern is quite similar to that of atrial natriuretic peptide (ANP) ( 17 ) . A recent immunohistochemical study showed the presence of ET-1 binding sites in proximal tubules and IMCD as well as glomeruli and the vascular system ( 18) . These histological studies have indicated the presence of ET-1 target sites in nephron segments as well as the vascular system.
Recently, data concerning tubular actions of ET-1 have accumulated. Garvin and Sanders ( 19) showed that ET-1 inhibited water transport in rat proximal straight tubules. ET-1 inhibited arginine vasopressin (AVP)-stimulated cAMP accumulation in cortical collecting ducts (CCD), outer medullary collecting ducts (OMCD), and IMCD (20) . ET-1 inhibited Na-K-ATPase activity in IMCD (21 ) . ET induced an increase of intracellular Ca++ concentration in glomeruli and collecting ducts ( 14, 22, 23) . ET-1 inhibited active chloride absorption and water absorption in CCD and IMCD of rats (24, 25) . These studies, taken together with histological studies, indicate that the target sites of ET-1 along the nephron are the glomeruli, proximal tubules, and the collecting ducts.
However, little is known concerning the production sites of ET-1 in the kidney. ET was originally found in culture medium of vascular endothelial cells (1) (2) (3) , suggesting that the vascular system could be the major source of renal ET-1 synthesis. Mesangial cells are known to produce ET-1 (26, 27) . ET-1 is also produced by cultured epithelial cells, such as LLC-PK, and MDCK cells, in which ET-1 increased intracellular Ca++ (28). The sites of ET-1 production along the nephron are not clear. Recently, ET-1 production was shown in primary cultured renal tubules from proximal convoluted tubules ( PCT), medullary thick ascending limbs (MAL), CCD, and IMCD (29, 30 ). An in situ hybridization study showed the presence of ET-1 mRNA in glomeruli, vasa recta, and inner medulla (31 ). However, it is not known if intact renal tubules can produce Because the plasma concentration of ET-1 is low, it has been suggested that ET-1 is a local hormone rather than a circulating one (32) . Therefore, it would be quite important to know the local production sites of ET-1 in order to understand the autocrine or paracrine action of ET-I in the kidney.
The purpose of our study was to investigate whether the nephron segments produce ET-1. We used two different methods to determine the sites of ET-1 production along the nephron. We examined ET-1 production in microdissected nephron segments using RIA, and ET-1 mRNA distribution using a polymerase chain reaction technique coupled with reverse transcription (RT-PCR). Measurements of ET-J production in tubule suspensions and microdissected nephron segments. Tubule suspensions or microdissected nephron segments in 100 ,l of solution 2 were transferred to the bottom of a freshly siliconized glass vial. FCS (Gibco, Gaithersburg, MD), transforming growth factor-,B (TGF-f3) (16 ng/ml) (Collaborative Research, Inc., Bedford, MA), or tumor necrosis factor-a (TNFa) (90 ng/ml) (Hayashi Biochemical Laboratory, Tokyo, Japan) was added to the solution. The final volume of each sample was 600 or 1,200 MA.
Incubation times were varied from 4.5 to 24 h in tubule suspension experiments. Microdissected nephron segments were incubated for 16 h. After incubation at 37°C with 5% C02/95% 02, an entire sample was transferred to a 1.5-ml centrifuge tube and centrifuged for 10 min at 3,000 rpm. The supernatant was frozen until ET-I was assayed. The RIA of ET-l was performed using ET-1-specific antibody after the extraction of samples (32) .
Determination ofET-1 mRNA expression along the nephron. Determination of ET-1 mRNA along the nephron was performed as previously described (35, 36 4 fmol/Mg protein/3 min in the absence of ANP, and in the presence of 108 and 10-6M ANP, respectively, n = 4). Dose-dependent AVP-stimulated cAMP accumulation was also observed in tubule suspensions from inner medulla( 105±20,383±16, and 588+42 fmol/Mgprotein/3 min in the absence of AVP and in the presence of 10-9 and 10-7M AVP, respectively, n = 4). These data are compatible with previous data (33) and showed the presence of receptors to ANP and AVP in tubule suspensions from inner medulla.
OMCD, iIMCD (outer 25%) and tIMCD (inner 75%), as well as the vasa recta bundle.
Microdissected structures were transferred to another dish filled with solution 1. Microdissected tubules, glomeruli, and vasa recta bundles were washed free ofcontaminating debris and vanadyl ribonucleoside complex, and then they were transferred to the RT-PCR reaction tubes. The tubules were rinsed three times with 10 A1 of ice-cold solution 1 containing 1 U/Il of human placental RNase inhibitor and 5 mM DTT (Cleland's Reagent).
Reverse transcription (RT) was performed using a cDNA synthesis kit. After centrifuge of the reaction tubes, the RNase inhibitor solution was removed and 9 pl of 2% Triton X-100, containing 1 U/,l ofRNase inhibitor and 2 mM DTT, was added to permeabilize the cells. Then RT components were added. The composition of RT components was as follows: 4 Al ofbuffer I, I Al of RNase inhibitor, 2 AI ofdeoxynucleotide mixture, 2 ,l ofoligo dT ( 1 5-mer) primer, and 2 ,ul ofavian myeloblastoma virus reverse transcriptase. The reaction tubes were incubated at 42°C for 60 min in the DNA thermal cycler (Astex, Tokyo, Japan). After this incubation, the tubes were incubated at 90°C for 5 min to stop the reaction and denature the RNA-cDNA complex. Then each tube was kept at 4°C until the addition of polymerase chain reaction (PCR) reagents.
PCR was performed using a DNA amplification reagent kit (GeneAmp; Perklin-Elmer Cetus, Norwalk, CT), with rat preproendothelin-I -specific primers prepared by a DNA synthesizer (Applied Biosystems, Tokyo, Japan). We designed a specific primer that is 20-25 nucleotides in length with 50-60% GC composition. The resultant high calculated Tm (> 75°C) allows for a stringent annealing temperature during PCR cycles. The sequence of primer 1 (antisense) was 5'-AA-GATCCCAGCCAGCATGGAGAGCG-3', which was defined by 675-699 bps (37) . The ET primer 2 (sense) encompassed 157-177 bps and the sequence was 5'-CGTTGCTCCTGCTCCTCCTTGATGG-3' (37). ET primers 1 and 2 were designed to localize in separate exons (38) . The cDNA amplification product was predicted to be 543 bps in length. The third oligonucleotide was synthesized to serve as an amplification product-specific probe. This oligonucleotide (sense) includes 302-321 bps ofcDNA and was positioned between ET primers 1 For Southern blot analysis, gels were blotted onto a Gene Screen (Dupont New England Nuclear, Boston, MA) and were baked at 80°C for 4 h to fix the DNA. The synthetic oligonucleotide probes described above were end-labeled with 32P as described previously (35, 36) . Prehybridization/hybridization washes were also done as previously described (35, 36 
Results
ET-I production by tubule suspensions in the rabbit and rat. In the presence of 10% FCS, tubule suspensions from rabbit inner medulla showed a higher ability to produce ET-1 than those from cortex and outer medulla (0.03±0.03, 0.16±0.14, and 20.9±5.8 pg/mg protein/4.5 h in cortical, outer medullary, and inner medullary tubule suspensions, respectively, n = 4) (Fig. 1 a) . TGF-3 or TNF-a had no additive effects with FCS on ET-1 production.
We next used tubule suspensions from the rat inner medulla, since later experiments use microdissected tubules from rats. A time course experiment showed that ET-1 production in inner medullary tubule suspensions increased linearly up to 24 h in the presence of 10% FCS (Fig. 1 b) . FCS, up to 15%, dose-dependently stimulated ET-1 production (Fig. 1 c) . In contrast to rabbit, TGF-,B stimulated ET-1 production in rat inner medullary tubule suspensions (8.0±1.5, 12.7+1.7, and 7.5±2.3 pg/mg protein/ 16 h in 10% FCS only, FCS + TGF-f, and FCS + TNF-a, respectively, n = 5, P < 0.05).
ET-I production along the rat nephron segments. From the results of tubule suspensions, ET-1 production in microdissected nephron segments was measured in the presence of 15% FCS and TGF-f. ET-1 production was high in glomeruli and IMCD (20.4±5.0 fg/glm/16 h and 28.1±12.2 fg/mm/16 h, respectively, n = 4-5) (Fig. 2) . ET-1 production in PCT and MAL was almost negligible (0.22±0.17 and 0.89±0.77 fg/ mm/ 16 h, respectively, n = 4-5).
ET-I mRNA distribution along the rat nephron segments. Fig. 3 shows typical results from agarose gel electrophoresis and Southern blot analysis of amplification products by RT-PCR of ET-1 mRNA in microdissected structures. A single band was consistently found from glomeruli, iIMCD, and tIMCD. This band was of the predicted size (543 bp). The Southern blots of the gels demonstrated specific binding of the oligonucleotide probe to the 543-bp product, confirming its identity. The sequences of ET-1 and -2 primers localized to different exons with the genomic sequence (37, 38) . Thus, amplification of genomic DNA cannot be the predicted size of 543 bp. In the absence of RT, the 543-bp band was not seen and there was no other recognizable band (not shown).
The largest signal was found in the glomeruli among the nephron segments. Pronounced bands were also detected from Incubation time (hrs) 5 
15
Concentration of fetal calf serum 1%) Figure 1. (a) ET-1 production in tubule suspensions from cortex, outer medulla, and inner medulla of rabbits. Tubule suspensions from three parts of the rabbit kidney were incubated for 4.5 h in the presence of 10% FCS, 10% FCS plus TGF-,B ( 16 ng/ml), or 10% FCS plus TNF-a (90 ng/ml). ET-l in the supernatants was measured using radioimmunoassay. (b) Time-dependent ET-1 production in tubule suspensions from inner medulla of rats. 10% FCS was present. (c) Effect of FCS on ET-1 production by inner medullary tubule suspensions of rats. Tubule suspensions were incubated for 16 h at 37°C.
iIMCD and tIMCD in the predicted size. However, no bands were found from other nephron segments.
ET-I mRNA induction by FCS and TGF-f3 in rat glomeruli and IMCD. Fig. 4, a and b , (top panels) shows a typical agarose gel electrophoresis with the band of predicted size (543 bp).
The middle portion of Fig. 4 shows a Southern blot of the gel. Incubation with FCS and TGF-3 caused a significant increase of ET-1 PCR product both in glomeruli and IMCD (Fig. 4, a  and b) . The internal standard, GAPDH, showed almost the same intensity with and without FCS/TGF-f3. Thus, FCS and TGF-,B selectively increases the ET-1 mRNA level in glomeruli and IMCD.
Discussion
Our present data clearly show that ET-1 production occurs in the glomeruli and the IMCD along the nephron. ET-1 mRNA expression determined by RT-PCR, and ET-1 production assayed by RIA, completely agreed with this conclusion. Taking into account that the glomeruli and the collecting ducts are the target sites of ET-1 (2, 3, 11, 13, 14, (20) (21) (22) (23) (24) (25) , our data suggest that ET-1 is an autocrine (and paracrine) factor in glomeruli and IMCD. ET was originally found in culture medium of vascular smooth muscle cells ( 1) . Epithelial cells as well as endothelial cells have become known to produce ET-1 (2, 3, (26) (27) (28) to produce ET-1 (29, 30) . However, it has not been known whether intact renal tubules can produce ET-1. We used an ET-l-specific antibody for radioimmunoassay (34) . There was almost no cross-reactivity with ET-2 or ET-3. Since the amount of ET-1 produced by intact nephron segments was quite small, we had to dissect nephron segments > 150 mm in length. This small amount of ET-1 production may indicate that ET-1 is important as a local hormone rather than a circulating one. Recently, Moriyama et al. (35) and Terada et al. (36) introduced a new method to detect specific mRNA in single microdissected renal tubules using RT-PCR. Using this technique, relative quantitation of mRNA coding for peptide hormone receptor was performed from only 2-mm-long renal tubules (36) . We did not purify RNA from renal tubules, so genomic DNA might have contaminated the samples. We designed two primers to localize in separate exons to distinguish the PCR amplification product by genomic DNA from cDNA, which is synthesized by mRNA (38) . We could not detect any band when PCR amplification was performed without RT. This result indicated the presence of intron sequences between the primers, which prevented PCR amplification. It seems likely that the amplification product from genomic DNA is too big for Taq polymerase to amplify efficiently. Therefore, PCR products from glomeruli and IMCD must not originate from genomic DNA but from mRNA.
We used 40 cycles of PCR to detect ET-1 mRNA along the nephron. These reaction conditions should result in maximal amplification, allowing us to determine whether ET-1 mRNA was present in various portions of nephron segments. In contrast, we used 30 cycles of PCR to determine the effect of FCS and TGF-f on mRNA in glomeruli and IMCD, since a previous study showed that the linearity between PCR cycles and PCR products (mRNA) was seen at < 30 cycles of PCR (36) .
Histological studies showed that binding sites of ET-1 are mainly in glomeruli, IMCD, and the vascular system, and slightly in proximal tubules (5, 15, 16, 18) . Functional studies showed that the target sites ofET-1 in the kidney are glomeruli, whole collecting ducts, and the vascular system (1 1, 13, 14, [20] [21] [22] [23] [24] [25] . We could not detect ET-1 mRNA in proximal tubules and CCD and OMCD. However, immunostaining study ( 18) showed slight staining of ET-1-like immunoreactivity in PCT. The ET-1-like immunostaining in PCT was mainly in the most proximal portion of the proximal tubule brush border. This immunostaining may represent reabsorption of urinary ET-1 by the brush border, however, functional effects of ET-1 (28, 42, 43) . The plasma ET-1 concentration increases in several diseases, such as acute and chronic renal failure, essential hypertension, myocardial infarction, and endotoxin shock (44) (45) (46) (47) (48) (49) . The sites of ET-1 production in these diseases are not known. The vascular system and glomeruli could be the site of ET-1 production in these diseases. Another possibility is that these diseases may stimulate the production of cytokines, such as interleukin, TGF-f, or TNF-a, which increase ET-1 synthesis. In particular, TGF-3 has been shown to increase in inflammation. AVP and angiotensin-I1 are also known to stimulate ET-1 production in glomeruli and cultured bovine endothelial cells (50, 5 1 ). It is not known whether IMCD-derived ET-1 increases in these diseases. ET-1 produced by IMCD could be important for natriuresis and diuresis as an autocrine factor. ET-1 has been shown to inhibit AVP-stimulated osmotic water permeability in tIMCD, and active chloride and water reabsorption in CCD (24, 25) . ET-1 is thought to cause natriuresis by inhibiting AVP-dependent cAMP accumulation through stimulation of protein kinase-C in collecting ducts (20) . The presence oflocal regulation of body fluid homeostasis by ET-1 in IMCD would be important for water and electrolyte balance. It would be quite interesting to know the sites and mechanisms of ET-1 production in pathophysiological conditions. In summary, we demonstrated that ET-1 mRNA, determined by RT-PCR, and ET-1 synthesis, assayed by RIA, were detected only in glomeruli and IMCD among nephron segments. These data clearly demonstrated that the sites of ET-1 production along the nephron are glomeruli and IMCD. ET-1 may act as an autocrine factor in glomeruli and IMCD.
